The effect of cardiac contraction on coronary arterial flow has been described in terms of an intramyocardiaJ pump, which displaces blood backward and forward during systole and diastole, respectively. Normally, the mean forward flow exceeds, and consequently conceals, this backflow. The main left coronary artery of six anesthetized open-chest dogs was perfused with a Gregg cannula from a constant pressure source via a pcrfusion line containing an adjustable stenosis. At mean left main arterial pressures, P^, of 65, 90, 125, and 155 mm Hg, the hearts were perfused via different grades of stenosis, while a constant mean perfusion pressure (Pu,) distal to the stenosis was maintained. Mean coronary flow was then independent of stenosis grade. However, with increasing stenosis grade, the systolic-diastolic coronary flow difference decreased, whereas the dlastolic-systolic coronary pressure difference increased. By varying the stenosis grade at constant P^ linear relationships between diastolic-systolic pressure difference and flow difference were obtained and were interpreted as being a result of an electrical analog potential-source equivalent. From the potential-source equivalent, the diastolic-systolic pressure changes of the intramyocadial pump, pi_, can be determined as well as the coronary resistance, R., impeding the flow variations originated by p^. We found p^ = 53.1 ± 7.02 (SD) nun Hg, and independent of P^. R. was correlated with the resistance to coronary flow, Re, via R. = 0.63 x R,. -12.9 mm Hg»s/ml (r -0.939, n -25). R* was defined as (Pic -14 nun Hg)/mean coronary flow. The waterfall model extended to allow for autoregulation to achieve an equal division of mean flow over the myocardium could not explain these results. From a decay curve of coronary arterial pressure following clamping of the perfusion line, intramyocardial coronary capacitance was estimated to be approximately 0.07 ml/mm rig/100 g LV. This value is in agreement with published volume pressure relationships of the intramyocardial blood compartment. The phasic coronary blood flow component requires intramyocardial arterial volume. We conclude that systolic-diastolic variations in coronary blood flow are not due to varying resistances but are caused by an active intramyocardial pump.
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THREE centuries have elapsed since Scaramucci (Porter, 1898) first speculated on the phasic nature of coronary blood flow. In modern physiological thinking, two more or less parallel lines of reasoning developed: Sabiston and Gregg (1957) held that contraction of the heart impedes coronary arterial flow, whereas Wiggers (1954) believed that systole and diastole were inseparable. In the second volume of Circulation Research, Wiggers states, "The volume of blood that can enter intramural vessels during diastole must depend to some extent on the degree to which they are emptied during preceding systole," supporting this opinion with the observation that systole enhances coronary venous outflow. Downey and Kirk (1975) extended Gregg's concept of the throttling effect of myocardial compression by applying the idea of vascular waterfalls, well known in the pulmonary circulation, to the coronary bed. If extravascular compression were to affect coronary flow, solely by a time-varying resistance, one would expect both arterial and venous coronary flow to be lower during systole. That venous outflow is predominantly systolic indicates that myocardial compression actively pumps coronary blood, at least on the venous side. The concept of extravascular resistance requires careful consideration.
In the course of quite another study on coronary autoregulation, we were confronted with a result which forced us to reconsider the original WiggersGregg debate. During perfusion of the left main coronary artery from a constant pressure source, we consistently found negative systolic flows when perfusion pressures were less than 65 mm Hg. Under these conditions, systolic compression did not simply impede flow but actually pumped blood from the heart to the perfusion apparatus. Negative systolic flow has been observed by others in different circumstances (e.g., Hoffman and Buckberg, 1976) . We designed this study to (1) demonstrate the existence of this pumping action, and (2) characterize its ability to deliver flow by varying the load to which it was exposed.
Methods

Experiments
Six mongrel dogs of either sex, weighing 18-32 kg, were premedicated with intramuscular fluanisone and fentanyl (Hypnorm, Philips-Duphar, 0.5 mg/kg). Anesthesia was achieved with iv sodium pentobarbital (Nembutal, 7.5 mg/kg; Abbott) and the dogs were ventilated with a Harvard respirator (model 614), using a 2:1 nitrous oxide-oxygen mixture. Subsequent doses of sodium pentobarbital and fluanisone-fentanyl were given intravenously when needed.
The left saphenous vein was cannulated for administration of drugs and infusions. A catheter was inserted in the right femoral artery for aortic pressure measurements with Hewlett-Packard (model 1280C) pressure transducers.
Arterial blood pH, PCO2, P02 and hemogloblin were measured every 30 minutes with an automated Blood Gas Analyzer (model ABL1, Radiometer) to ensure adequacy of ventilation and acid-base balance. Arterial P02 was maintained at 90-120 mm Hg, with arterial oxygen saturation in a range of 93-98%. The mean plus standard deviation of pH and Pco 2 determinations during data collection are 7.40 ± 0.07 (n = 40) and 38.4 ± 6.1 {n = 37), respectively.
A thoracotomy in the left 4th intercostal space was performed, the pericardium was opened and a cradle was formed. In four experiments, the left ventricular pressure was measured by inserting a catheter through the left atrial appendage into the ventricle.
The left coronary artery was dissected and perfused with a stainless steel Gregg cannula (4.5 mm i.d., 130 mm long) connected to a constant pressure perfusion system (Fig. 1) .
Blood from the left femoral artery was pumped into a 30-ml reservoir via a heat exchanger and filter (40 jum Pall, type SQ40S). A precision regulator (Fairchild, model 10 R) connected to the laboratory compressed air system held reservoir pressure at a preset value. An electromagnetic cannulating flow probe interposed in the perfusion line monitored coronary flow (Statham 5 mm, model SP 2202) . A specially designed clamp mounted over the 3-cm piece of tubing between flow probe and steel cannula produced various grades of stenosis of the perfusion line, including complete occlusion. The distance betwene the flow probe and cannula tip was less than 16 cm, and the flow channel was rigid, so capacitance was negligible.
The blood reservoir was provided with a level controller (M.S.A. automatic suction control) with feedback to the roller pump, which held reservoir blood level constant. The perfusion pressure in the left main coronary artery (P|J was measured at the cannula tip via a small lumen catheter (Braun F.D.R. 0.7 x 1.2 mm) connected to a Hewlett-Packard (model 1280C) pressure transducer. When the stenosis was applied, the pressure loss across the stenosis was compensated for by increasing the reservoir pressure, to keep mean left main coronary artery pressure Pk constant.
Phasic coronary blood flow, CBF, phasic Pi,, phasic left ventricular pressure, PK, as well as mean coronary blood flow and the ECG were continuously recorded on a Hewlett-Packard FM instrumentation recorder (3968A) for later analysis. Di- Several times during the protocol the perfusion line was clamped for 2 seconds to check the zero of the flow meter. At least once during each experiment, the perfusion line was clamped for more than 15 seconds. After approximately 12 seconds, Pu became stable (see Fig. 7 ). The P k value thus obtained was considered as the coronary wedge pressure, P w .
The Intramyocardial Pump Model
Let us consider briefly the physics of the problem we are attempting to describe. Myocardial contraction leads to an elevation of pressure in the tissue surrounding both intra-and transmural blood vessels. Elevation of the tissure pressure initially leads to an elevation of the blood pressure within the vascular bed. This is easily demonstrated by considering the following simple "thought experiment."
Suppose we have an elastic tube, corked at both ends, within a pressure chamber, as shown in Figure  2 . In this case it is clear that a change in the tissue pressure is immediately transmitted to the blood contained within the tube. Let us remove the corks; a blood pressure gradient now exists and blood will flow out of both ends, as shown in the bottom panel of Figure 2 . This blood flow must be associated with a decrease in volume of the blood vessel and will also be impeded by viscous forces which constitute a resistance. The driving force for this flow is still the tissue pressure, and the flow out of each end will be determined by the respective resistances opposing the flow at each end.
This concept has been translated into the electrical analog of the coronary circulation given in Figure 3 . Coronary resistance, R^ has been split up in two resistances, R a and R v . Both resistances may change due to autoregulation. At their junction, a voltage source, P m , representing tissue pressure, is applied through a capacitance. This pressure source has a phasic output component, p m , and represents the spatially lumped intramyocardial tissue pressure. Every displacement of fluid out of the vessel will result in a decrease in pressure, related to the compliance of the vascular bed. Hence, a capacitance has been included in the model as a linearized expression of the obvious fact that the volume which can be expressed is limited, and cannot deliver a d.c. flow.
The perfusion pressure within the reservoir is replaced by a constant voltage source (P P ) and the stenosis by a resistance R,. The stenosis forms a load for both the perfusion pressure and the intramyocardial pressure variations. However, the mean pressure drop across R, was compensated during our experiments by increasing P p so as to maintain fV constant.
Analogous to general practice in electrical engineering (Seely, 1958) considered to be a superposition of a mean value (d.c. signal) and a phasic component (a.c. signal). So Pi, = Pi, + pic, P lm = P im + p im , P, h •+• p ib , CBF = CBF + °i < • For the phasic components of coronary flow and coronary pressure this yields the relationships (see Fig. 3 ); qR» + qRa = pib.
(1) We tentatively assume that the capacitance is large enough not to impede the phasic flow caused by p im . This assumption is considered further in the discussion section. Moreover, since q c R» represents the phasic pressure difference across the stenosis, Equation 1 can be rewritten;
Pic --q c Ra + p,m.
(2) Equation 2 defines a potential-source equivalent of the intramyocardial pump, where pi m is the driving pressure for the phasic component of coronary arterial flow, q c , and R a is the internal coronary resistance impeding this phasic flow component.
In our experiments pk. was quantified by the difference between systolic and end-diastolic coronary artery pressure, and qt. as the difference of the instantaneous coronary flow at end-diastole and minimal systolic coronary flow (see Fig. 4 ). Consequently, p^ will be quantified by the systolic and end-diastolic difference. By varying the stenosis resistance, R,, at constant Pi c , sets of q c and pi c are obtained from which, with the aid of Equation 2, R. and p m can be determined. Coronary resistance to mean flow, R^ = R. + R v , has been calculated as the ratio of the difference between Pi c and P w , the mean left main arterial pressure after an occlusion of 15 seconds, and mean coronary flow. So, R. = (P k -PJ/CBF. The consequence of this definition for the interpretation of the results will be considered in the Discussion.
Results
Typical phasic recordings of left ventricular pressure, PI V , left main coronary arterial pressure, Pi c , and coronary blood flow, CBF, are shown in Figure VOL 4. With increasing grade of stenosis, systolic-diastolic differences in P k become apparent, while CBF loses its phasic character. At very high grades of stenosis, the perfusion system acts as a flow source. Because of the flat autoregulation curve, it then becomes difficult to jnanipulate perfusion pressure so as to maintain P| C at the desired value (e.g., Rouleau et al., 1979) . As can be seen in panels B, C, and D, the maintainance of constant mean perfusion pressure resulted in a virtually constant mean coronary flow. At the transition from diastole to systole and vice versa, both P )c and CBF show dynamic effects, which we relate (see Discussion and Fig. 3 ) to the combined effect of inertia in the perfusion line and capacitance of the epicardial arteries. These dynamic effects are particularly prominent at lower grades of stenosis and at lower perfusion pressures. The relationship between pi c and q c for four different values of Pi c , measured in one heart, is shown in Figure 5 . Each datapoint has been obtained at a different grade of stenosis and readjustment of blood reservoir pressure to keep P| c constant. Linear regression applied toa series of datapoints obtained at a certain value of Pi c , but at p )c values larger than 5 mm Hg, yields correlation coefficients higher than 0.992 (18 curves, n between 4 and 12). Due to the inertial effects, datapoints obtained at low stenosis grades scatter around the regression curves. Quite arbitrarily, datapoints obtained at pi c smaller than 5 mm Hg were therefore not included in regression.
As has been discussed in Methods section with Equation 2, the slope of a regression curve represents the intramyocardial resistance to the phasic arterial flow component, R«R a is lower at small values of P k . Apparently, autoregulation of the coronary circulation affects not only the coronary resistance to mean flow, R., but also the resistance to the phasic flow component, R o -In Figure 6 , R o is correlated with the coronary resistance to mean flow, R;. For 18 datapoints, R o was obtained from the slopes of the regression curves mentioned above. For seven datapoints,_R« was calculated from measurements at constant P, c but at only two different stenosis grades, the lower stenosis grade still high enough to damp inertia effects, the higher stenosis grade as high as possible.
Linear regression was applied to the data of Figure 6 , resulting in R. = 0.63 R. -12.9 mm Hgs/ml (r = 0.939, n = 25). The datapoints to which regression was applied, were obtained at systolic ventricular pressure varying between 90 and 125 mm Hg, and heart rates varying between 70 and 160 beats/min.
The intercept of the pi, vs. q r (Fig. 5 ) curves with the pu axis reflexes the magnitude of systolic-diastolic difference of intramyocardial fluid pressure, Pmi (Eq. 2). p, m had to be obtained by extrapolation of p !t . vs. q t . relationships. Regression curves, as shown in Figure 4 , resulted in standard deviations 
FIGURE 6 Relationship between coronary resistance to phasic arterial flow, R,,, and coronary resistance to mean flow, R CJ as obtained from six dogs. Each dog is represented by a different type of symbol. For three dogs, R u was predicted by the waterfall model without diodes, for Pi c = 65 and 155 mm Hg (see discussion). Each solid line connects the calculated points of the dog represented by the encircled symbol. • refers to the experiment of Figure 5. For further explanation, see text.
in p lm in the order of 10%. p lm could be calculated from 18 regression curves and from seven paired datapoints. The mean p im of all obtained values is 53.1 ± 7.02 (SD) mm Hg. In the four dogs in which systolic left ventricular pressure, P| v , was measured, we found P !v = 100 ± 10 (SD) mm Hg.
Discussion
Critique of the Experimental Preparation
Since our results were interpreted with the aid of a linear network, and a stenosis was added to elicit certain key features, further consideration of the validity of the analysis seems prudent. Equation 2, which we used for the analysis of the data, presumes that both pressure and flow are measured distal from the stenosis. Under these conditions, the nature of the stenosis itself does not enter into the analysis. In practice, pressure was measured in the main stem, whereas flow was measured upstream of the stenosis. Thus, in order to apply Equation 2, the flow signal before the stenosis must accurately reflect the flow at the cannula tip. All connections and tubing between the flowmeter and the stainless steel cannula were rigid except for a piece of thickwalled elastic tubing 3 cm long.
Due to the combined effects of inertia in the perfusion line and capacitance of the epicardial vessels, the pressure signal Pi c and CBF are contaminated with high frequency artefacts as a result of the sudden flow changes during the cardiac cycle. The best test of the potential importance of the intervening capacitance as well as the inductance of the cannula, would be to examine the response of the system to an imposed step function. Fortunately, the heart itself does this twice in each cycle. As can be seen in Figure 4 , panel A, the transients in the pressure, which in an ideal system would be constant, are small in magnitude and are damped out in approximately 0.15 second This implies that both systolic and diastolic Pi c contain plateaus which are free of contamination of imperfections in the perfusion system. At increasing stenosis grade, the inductance of the perfusion line becomes dominated by the stenosis resistance leading to a reduction of the contamination of the signal by transient artefacts. This is clear from panels B, C and D of Figure 4 .
Of course, the entire pressure and flow signals contain information concerning the circuit elements contained in the analog of Figure 3 and, in principle, a complete analysis is possible. However, we have not done this, since it would constitute an exact solution to a model which a priori is deficient through the omission of the transmural variations. Instead we have sought out points for analysis at which the contamination could be expected to be minimal. At end-diastole and plateau phase in sys- VOL. 49, No. 3, SEPTEMBER 1981 tole the current into the epicardial capacitance is negligible (dP/dt = 0) and we have used the fast transition to systole of both pressure and flow to characterize the circuit. Since this transition is very fast, the effects of the intramyocardial capacitance will be minimal.
Can the Waterfall Model Explain the Results?
As mentioned in the introduction, we were forced to develop an alternative model, since we are confronted by results which were inconsistent with the waterfall model. Let us now enquire in more detail to what extent the waterfall model as proposed by Downey and Kirk (1975) Figure 5 . However, in the waterfall model, the resistance of the potential source equivalent is by definition equal to the total coronary resistance.
For perfusion pressures less than peak left ventricular pressure, comparisons can be made only with the aid of computer simulations. For these calculations, we divided the myocardial wall into 20 layers and adjusted the resistances so as to achieve an equal division of mean flow from endocardium to epicardium. We assumed that the tissue pressure decreased in a linear fashion from a value equal to left ventricular pressure in the endocardium to zero in the outermost layer. The p ]c vs. q c relationship calculated in this way becomes slightly non-linear for persuion pressures lower than left ventricular pressure and bends toward the q c axis for increasing q c . The mean slope of such a curve was treated as an a.c. resistance. The a.c. resistance calculated in this way is higher than one would calculate from the model without diodes and unaltered perfusion pressure and ventricular pressure.
In Figure 6 , our experimentally found relationships between a.c. resistance and d.c. resistance are compared with three curves calculated by the waterfall model without diodes to predict the results of three dogs. Each curve covers the resistance range corresponding to a Pic range of 65-155 mm Hg. As is clear from Figure 6 , there is an important quantitative discrepancy between predictions based on the waterfall model and our results.
The analog model implementation of the waterfall model concept is incapable of predicting not only our results but also two other observations which have been reported in the literature. Several investigators (Panerai et al., 1979 , Rouleau et al., 1979 , Spaan et al., 1981 have demonstrated negative systolic flows at low perfusion pressure. This can be achieved only by active pumping, as we propose, whereas the diodes in the electrical analog model of Downey and Kirk, which are essential for the working of their model, would actually prevent such a flow.
The second observation (Giles and Wilcken, 1977, Kroll et al., 1980) is that, during occlusions of the coronary artery, pressure pulsations can be detected. Figure 7 shows a typical decay of P| C after clamping of the perfusion line. This decay curve shows a phasic component analogous to those found when perfusing the coronary system via a high grade stenosis (Fig. 4, panel D) . The phasic pressure component seen after cessation of flow into the coronary system cannot be explained by a timevarying resistance. Moreover, because of the capacitance of the epicardial vessels, the phasic pressure component of Figure 7 must be related to a phasic flow in and out of the intramyocardial blood compartment.
These two observations taken together are consistent with the presence in the myocardium of a pressure source which delivers a phasic flow.
Intramyocardial Pump Concept
The systolic-diastolic variations in coronary blood flow usually have been explained in terms of time-varying resistances. As discussed above, this concept had serious deficiencies and, in particular, fails to explain our observations. We have applied a simplified model based on the proposal of Arts (1978) to interpret our results. We submit that systolic flow is lower not because the resistance in systole is higher but because the intramyocardial blood compartment is pressurized by systolic compression. The lumped resistance, R, in Figure  3 , has a pressure drop equal to the difference between perfusion pressure and an effective intramyocardia] blood pressure. The consequences of this model are most easily visualized by regarding the coronary flow as being made up of a steady d.c. component and a superimposed oscillating flow (a.c.) with a mean value of zero. The d.c. flow is determined by the overall arteriovenous pressure difference divided by the total coronary mean resistance (R a + R v in our model). The a.c. flow (mean of zero) is pumped out of and into the heart with each beat. Diastolic coronary flow, instead of being characteristic for the vascular bed, is determined by the mean flow plus what was pumped in systole. A crucial question which demands an answer is: Given the normal physiological systolic:diastolic flow ratio, how much blood volume needs to be displaced, and is this volume available within the normal beating heart? Let us estimate the volume of blood contained in the small arteries of the heart. The intramyocardial blood compartment consists of intramyocardial arteries, capillaries, and veins. The ratio of capillary volume:total myocardial volume can be calculated as the product of capillary density and capillary cross-sectional area. A capil- lary diameter of 5.6 /im is reported (Bassingthwaighte, 1973) for the dog left ventricle from casting procedures, and 4.1 jxm in the rat heart in situ (Henquell et al., 1976) . Using a value of 5 jim for the capillary diameter and a value of 3500/mm 2 for the capillary density (Bassingthwaighte, 1973) , one calculates a capillary volume fraction of 0.068. For the whole circulation, it is assumed that the volume of the small arteries is about one-third of the capillary volume (Berne and Levy, 1972) . Applying this rule of thumb, we estimate the intramyocardial artery volume fraction to be 0.023. The sum of the estimated values of capillary volume and intramural arterial volume agrees with the dye dilution, mean transit time data of Morgenstern et al. (1973) , showing a total myocardial blood volume of 10-15% of total wall volume in the beating dog heart, arid is much lower than the number of 35% of wall volume, as measured in the arrested dog heart with maximally dilated vessels by O'Keefe et al. (1978) . The latter reports also a volume of 5% of wall volume for intramural arteries plus veins. However, it is not clear which criterion they used to discriminate capillaries from the very small arteries Based on the above numbers, one may assume that each 100 g of myocardium contains more than 2 ml of blood in the intramyocardial blood compartment relevant for the intramyocardial pump action.
In our model, the diastolic-systolic variations of blood flow in the mainstem around its mean are caused by diastolic-systolic variations of the intramyocardial blood volume (V, m ) around its mean. Vun increases when CBF exceeds CBF, and decreases when CBF is lower than CBF. Thus, the maximal variation in V, m can be calculated from the area outlined by systolic CBF and CBF. In panel A of Figure 4 , the area amounts to 0.13 ml, and accordingly Vj m will vary ± 0.06 ml around its mean. The recordings of Figure 4 relate to a left ventricle weighing 109 g. Thus only a few percent (0.06 ml/2 ml X 100%) of the blood contained in the small arteries needs to be pumped retrograde to account for the observed decrease in systolic coronary flow (Pi c = 90 mm Hg). This small volume variation also supports the assumption, that R« remains constant during the cardiac cycle. VOL. 49, No. 3, SEPTEMBER 1981 Having established the necessary condition that sufficient volume is available, it is further essential that this volume can be withdrawn from the vessels without losing the pressure necessary to overcome the resistance. This implies that the capacitance of the blood vessels must be sufficiently large to ensure a discharge time constant into the two resistances R» and R v , which is long compared with the duration of systole.
The decay of Pi t after cessation of flow (Fig. 7) is composed of a rapid initial phase and a slow decaying phase. These two phases can be explained in terms of our model, extended with the capacitance of the epicardial arteries. Just before the line is clamped, two capacitors are filled, one formed by the epicardial arteries, C e(J , and the other by the intramyocardial blood compartment, Ci m . Before clamping, C ep is filled by the mean left main arterial pressure, and C im by the difference between the mean pressure at the junction of R a and R v , P,b, and the mean tissue pressure.
The plausible sequence of events explaining the decay of Pi c after cessation of perfusion is the following. The epicardial arteries empty into the intramyocardial blood compartment until Pu. approximates P,b. The intramyocardial compartment empties into the veins, so P lb starts to fall from its initial value to the venous pressure. Estimates for C ep and C lm can now be made on the basis of estimated initial decay rates as shown in Figure 7 , and the values of R» and R v . From Figure 7 , we see that R n C CI , = 0.2 s, and RX™ -3 s (P, m = 95 mm Hg). Under normal perfusion conditions, the flow from the intramyocardial capacitance can discharge via the veins (R v ), as well as retrograde via R R . The effective time constant will be shortened, since these resistances may be regarded as being in parallel for the capacitance. This reduces the time constant to 2 seconds, which is still long compared with the duration of systole. So we conclude that the capacitance is large enough to constitute no serious impediment to the pumped flow predicted by this model. Moreover, the intramyocardial capacitance estimated from Figure 7 amounts to approximately 0.07 ml/mm Hg per 100 g LV (R v = 35 mm Hg-s/ml), which is in fair agreement with the slope of volume-perfusion pressure curves of the intramyocardial blood compartment measured by others. Morgenstern et al. (1973) report a value of 0.085 ml/mm Hg per 100 g LV, as measured on the beating dog heart by dye-dilution mean transit time. Scharf et al. (1973) report a value of 0.08 ml/ mm Hg per 100 g LV, and Salisbury et al. (1961) , a value of 0.07 ml/mm Hg per 100 g LV, as measured by weight changes in an isolated dog heart. The epicardial capacitance estimated from Figure 7 amounts to 0.003 ml/mm Hg (R« = 65 mm Hg • s/ ml). This agrees well with the value of 0.002 ml/mm Hg which is calculated from the cross-sectional stiffness measured by Arts et al. (1979) .
Phasic Flow Distribution and Mean Coronary Flow
In our model, we have lumped all transmural variations and the distribution of compression over the vessels with different diameters into one single unit. Therefore, extrapolation of our results to events at specific levels in the coronary bed should be done with caution.
Our model predicts flow variation proportional to tissue pressure variation at constant left main arterial pressure (pi c = 0). So, one may expect larger flow variations at the subendocardium than at the subepicardium. Since, at p, t -0, the flow in the subepicardium will remain forward, backflow at the subendocardium may occur at much higher perfusion pressures than 65 mm Hg, but will remain concealed in the epicardial arteries because of the net forward flow through the subepicardium.
In the presence of a stenosis, transmural differences in compression may result in cyclic exchange of blood between the subendocardium and the subepicardium. The stenosis impedes the diastolic-systolic variations in the left main stem flow. So during systole, the subepicardial capacitance is charged with subendocardial blood, and during diastole, the subepicardial capacitance discharges into the subendocardial capacitance. This mechanism would be similar to that suggested by Gregg and Green (1940) during isovolumetric contraction. However, the interference of subepicardial and subendocardial flow cannot be deduced from the left main arterial flow alone.
From our finding that R o , the "arterial resistance component," is 63% of the total resistance, it is tempting to speculate about where in the microcirculation the division in phasic flow takes place. However, the foregoing discussion concerning transmural distributions makes this meaningless. Moreover, the presence of a large capacitance in the model makes it impossible to draw conclusion concerning the phasic aspect of the venous side of the circuit on the basis of arterial measurements. For example, transient occlusion of small veins as implied by the waterfall model are invisible to an analysis of phasic arterial pressures and flow.
The waterfall model of Downey and Kirk (1975) is supported by comparing the pressure drop across the fully dilated coronary bed at constant mean coronary flow before and after sudden cardiac arrest. So, the waterfall might still hold as a concept for how the contracting myocardium influences mean coronary flow. However, the waterfall concept should not be used to explain the diastolic-systolic variations in coronary arterial flow. In this paper we have characterized the total resistance of the vascular bed in terms of (P,,. -P J / C B F . The completely dilated vascular bed is characterized by a linear relationship between pressure and flow with a zero-flow intercept pressure (P w ) [e.g., Hoffman (1976) , Laird et al. (1981)] . A consequence of the use of this definition of resistance is that the completely dilated bed is characterized by a constant minimal resistance value, independent of pressure.
The use of such a definition is phenomenological and does not attribute any particular mechanism, e.g., critical closing or waterfalls, to the observation. At pressures high compared with P u (14 mm Hg), this definition of resistance is indistinguishable from the classic definition when one assumes that venous pressure (right atrium) is constant.
The intramyocardial pump model, as it is depicted in Figure 3 , would show an unaltered coronary resistance to mean flow following cardiac arrest. However, the tissue pressure in the beating heart contains a mean value that disappears at cardiac arrest. So, in the arrested state, the pressure difference between the vessel lumen and the surrounding tissue is larger, and as a consequence of the capacitance of the intramural blood compartment, its volume will be increased. It is therefore to be expected that the resistance of the intramyocardial vessels decreases at cardiac arrest. This may be a factor in explaining an increase of coronary flow when arresting the heart with vagal stimulation, as well as the results of Downey and Kirk (1975) .
